Microstructural evolution of an Fe-22 pct Mn-0.4 pct C twinning-induced plasticity (TWIP) steel during high strain rate deformation has been investigated. When subjected to low strain rate deformation, the steel shows the typical TWIP phenomenon. On the other hand, when subjected to high strain rate deformation, there is a formation of nanostructured austenite, due to the occurrence of deformation twinning forming nanoscale twin/matrix lamellae followed by dynamic recovery induced by adiabatic heating during high strain rate deformation. In recent years, austenitic high Mn steels have received a great deal of attention since they show an excellent combination of high strength and large ductility. [1] [2] [3] It has been shown that the deformation behavior of these austenitic high Mn steels is strongly dependent on their stacking fault energies (SFEs); the steels show the transformation-induced plasticity (TRIP) for SFE< 18 mJ m À2 , the twinning-induced plasticity (TWIP) for~18 mJ m À2 <SFE<~45 mJ m À2 , and dislocation glide for SFE>~45 mJ m
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. [4] Mn and C effectively change the SFE and accordingly the steels containing (20 to 30) wt pct Mn and (0.4 to 1.2) wt pct C have SFEs in the range of 30 and 40 mJ m À2 [5] and usually exhibit TWIP phenomenon at room temperature, thus called as TWIP steels among various types of austenitic high Mn steels. An extraordinary combination of ductility and strength can be obtained in TWIP steels, where mechanical twinning proceeds gradually during deformation. The twinned crystal planes act as obstacles to dislocation motion, leading to dynamic Hall-Petch type strengthening. [6, 7] Considering that the application of these TWIP steels would be mostly in automobiles, the components made of TWIP steels would be subjected to not only quasi-static but also dynamic strain states such as during collision, but the effect of strain rate on the mechanical behavior of TWIP steels has been seldom studied [8, 9] and is not clearly understood. Understanding the behavior of TWIP steels at high strain rates is also important since these TWIP steels have a large potential for applications as structural components for several load-bearing applications such as vessels, liquefied natural gas tank, etc. In addition, high strain rates will also play a role during sheet forming of TWIP steels. The objective of the present study is to study the effect of high strain rate on the deformation behavior and microstructural evolution of high Mn TWIP steel.
The steel used in this study has a nominal composition of Fe-22Mn-0.4C, which was prepared by induction melting in an Ar atmosphere. It was soaked at 1473 K (1200°C) for 2 hours, followed by hot rolling. The hot rolling started at 1373 K (1100°C) and finished at 1203 K (930°C) with a total reduction of 83 pct and subsequently quenched into water to prevent the formation of carbides. Compressive tests were conducted using specimens with a diameter of 5 mm and a height of 5 mm. An Instron 5582 was used for the low strain rate test (a strain rate of 10 À3 s À1 ), and a split Hopkinson's pressure bar (SHPB) was used for the high strain rate test (a strain rate of 10 3 s À1 ), following the procedure described elsewhere. [10] Both tests were stopped at an engineering strain of 30 pct. Additional SHPB test was also conducted with a final engineering strain of 17 pct to see the effect of amount of strain on microstructural evolution. The microstructure was analyzed by optical microscopy after etching with solutions of 4 pct Nital, 10 pct HCL with ethanol, and 10 pct sodium meta-bisulphite with distilled water. The detailed microstructure after deformation was characterized by transmission electron microscopy (TEM), performed on a JEM 2100F FE-TEM operated at 200 kV. TEM samples were prepared by focused ion beam (FIB).
The typical microstructure of the steel is shown in Figure 1 (a), showing the full austenitic structure with annealing twins and the average grain size of~20 lm. X-ray diffraction (XRD) analysis also indicates the full austenitic structure of the steel before deformation (Figure 1(b) ). Figure 1( Mn-1.6Al-0.08C TWIP steels. [4] It also shows that the work hardening rate at a strain rate of 10 3 s À1 increases with strain until a true strain of~0.19 (marked by thick arrow in Figure 1(c) ) and then decreases, while the work hardening rate continuously increases with strain at a strain rate of 10 À3 s À1 . Figure 2 shows the deformation microstructure of the steel subjected to the compressive test at a strain rate of 10 À3 s
À1
. It shows that the steel deforms by twinning, which is the typical deformation mode of TWIP steels. [4, 5] No martensitic transformation occurs as can be seen in XRD pattern (Figure 1(b) ). There are several empirical thermodynamic models showing the dependence of SFE on alloy composition. [4, 11, 12] The thermodynamic models proposed by Allain et al. [11] and SaeedAkbari et al. [12] give the calculated SFE of the present steel to be 13 and 20 mJ m À2 at room temperature, respectively, while the one by Curtze and Kuokkala [4] gives 35 mJ m À2 . If we adopt the generally accepted range of SFE for twinning (i.e.,~18 mJ m À2 <SFE< 45 mJ m À2 ) as mentioned in the introduction, the one by Curtze and Kuokkala appears to be more appropriate than others since the present steel deforms by twinning with no martensitic transformation. When subjected to deformation at higher strain rate (10 3 s À1 ) to a strain of 30 pct using SHPB, there is a formation of nanostructured austenite (Figure 3(a) ) as evidenced by the ring pattern when a large area (diameter:~0.6 lm) is selected for diffraction pattern analysis (Figure 3(b) ). Interestingly, the diffraction pattern shows the twin relationship when the selected area becomes small (diameter:~0.1 lm) (Figure 3c ). The details of such microstructural evolution have been studied by highresolution transmission electron microscopy (HRTEM) as shown in Figures 3(d) through (g) . It shows that the microstructure actually consists of elongated grains whose width is about 20 to 30 nm similar to the width of twins formed in the specimen subjected to the low strain rate deformation shown in Figure 2 . Fast Fourier transformed (FFT) pattern and filtered image of HRTEM show that they are twin-related, forming twin/matrix (T/M) lamellae (Figures 3(e) and (f)), similar to the result of SAD pattern analysis using a small SA aperture size (Figure 3(c) ). As shown in Figure 3 (g), within a lamella there are subgrains whose respective planes are rotated at about 8 deg and these subgrains have a relatively low density of dislocations inside. It is interesting to note that most of the grains maintain twin relationship across lamellae boundaries, although the microstructure shows random orientation of nanoscale subgrains when a large area is selected for diffraction as shown in Figure 3(b) . In fact, this structure is quite similar to the ones observed by Li et al. on Cu subjected to dynamic plastic deformation at cryogenic temperature [13] and by Ueno et al. on 316L stainless steel subjected to equal channel angular pressing. [14] Li et al. suggested that the formation of nanostructured grains within T/M lamellae is caused by the fragmentation of T/M lamellae by dislocation-twin boundary (TB) interactions. [13] Such a mechanism might well explain the formation of nanoscale grains in the present steel. However, the present steel shows somewhat different microstructure from that observed by Li et al. There is a Fig. 1-(a) Optical microstructure before deformation, (b) X-ray diffraction patterns before and after deformation at strain rates of 10 À3 and 10 3 s
, and (c) true stress-strain curves and work hardening rate as a function of true strain deformed at strain rates of 10 À3 s À1 (dashed line) and 10 3 s À1 (solid line). , showing the formation of deformation twins (zone axis: [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , M: matrix, and T: twin).
smaller amount of residual dislocations at the TBs as well as within lamellae in the present steel than in theirs, suggesting the occurrence of dynamic recovery in the present steel during deformation.
Considering that a metal cannot sustain work hardening indefinitely during plastic deformation as dynamic recovery process eventually counteracts work hardening, the interplay between work hardening and dynamic recovery gradually reduces the work hardening rate and as a result, work hardening rate becomes maximum at the strain where dynamic recovery occurs. [15] In fact, as shown in Figure 1(c) , the work hardening rate of the specimen subjected to high strain rate deformation reaches a maximum at a true strain of~0.19 (engineering strain of~0.21), indicating the occurrence of dynamic recovery during high strain rate deformation. The occurrence of dynamic recovery might not be possible when plastic deformation is applied at cryogenic temperature such as the case of Li et al., [13] but is quite possible in the present case subjected to a high strain rate deformation at room temperature. Such phenomenon can occur in the steel when the temperature of the specimen becomes high enough to increase SFE which can activate dislocation glide. The magnitude of the temperature rise during the compressive test at the strain rate of 10 3 s À1 was calculated using the following equation [16] :
where DT is the temperature rise, q is the density (8 g cm À3 ), C p is the heat capacity (0.46 kJ (kg K) À1 ), r is the stress, and de is the interval of strain. It shows that the temperature of the specimen could rise tõ 363 K (90°C) when tested at the strain rate of 10 3 s À1 . This value is quite similar to the result of Curtze and Kuokkala reporting that the temperature of (25 to 28) Mn-1.6Al-0.08C TWIP steels could rise to about 368 K (95°C) when tested at the strain rate of 1.25 9 10 3 s À1 . [4] Based on the thermodynamic model proposed by Curtze and Kuokkala, [4] the SFE of the steel at 363 K (90°C) is calculated to be about 47 mJ m À2 , which is higher than the critical SFE value (~45 mJ m À2 ) for the promotion of dislocation glide. Therefore, the formation of nanostructured austenite in the specimen deformed at the strain rate of 10 3 s
can be ascribed to the interaction of T/M lamellae with dislocations followed by the occurrence of dynamic recovery. To further confirm the role of dynamic recovery in the formation of nanostructure shown above, an additional SHPB test was conducted at the same high strain rate (10 3 s À1 ) but to a different amount of strain (17 pct), which is smaller than the strain showing the maximum work hardening rate. As shown in Figure 4 (a), the microstructure of the specimen deformed to a strain of 17 pct is quite similar to that of the specimen subjected to the low strain rate deformation (Figure 2 ). It also shows that even when a large area (diameter:~0.6 lm) is selected for diffraction pattern analysis, the diffraction pattern shows the twin relationship (inset in Figure 4 (a)) indicating that there is no formation of nanostructures, unlike the specimen subjected to a larger amount of strain (30 pct) at the same strain rate (10 3 s À1 ) (Figures 3(a)  and (b) ). HRTEM image (Figure 4(b) ) and its FFT pattern (inset in Figure 4(b) ) also do not show any indication of occurrence of dynamic recovery and nanocrystallization. Based on the above-mentioned results, the process and mechanism of nanocrystallization of the present 22Mn-0.4C steel during high strain rate deformation can be described as schematically shown in Figure 5 . At an early stage of deformation, the plastic deformation is governed by twinning, which divides the original coarse grains into finer T/M lamellae. As the deformation continues, these T/M lamellae undergo dynamic recovery forming nanoscale austenite grains due to the temperature rise by adiabatic heating.
In summary, it has been shown that there is a formation of nanostructure in Fe-22Mn-0.4C TWIP steel when subjected to high strain rate (10 3 s À1 ) deformation at room temperature. Such formation of nanostructured austenite is due to the deformation twinning forming nanoscale T/M lamellae followed by dynamic recovery induced by adiabatic heating.
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